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 Shrinkage of air entrained (AE) concretes was higher than that of non AE concretes.
 Increase in shrinkage of concretes with increasing content of air voids was observed.
 Higher shrinkage might be due to air voids and porous air void–paste interface.
 Interconnection and overlapping of interfaces increased vapour diffusion and shrinkage.
 Bigger volume of cement paste in AE concrete may also increase shrinkage strains.a r t i c l e i n f o
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Shrinkage strains of air-entrained (AE) concretes were bigger than strains of non-air-entrained concretes
made with the same cements. The results clearly showed an increase in strains with increasing content of
air voids, regardless of cement type. Higher shrinkage strains of AE concretes may be most probably
related to their microstructure of complex porosity and in particular, to porous cement paste adjacent
to air void. Occurrence of air void–cement paste interfacial transition zones of higher porosity as well
as their overlapping and interconnection may increase vapour diffusion accelerating moisture loss and
drying shrinkage. Another likely reason for shrinkage increase may be increase in the volume of cement
paste and decrease in the volume of aggregate in AE concrete.
 2015 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction condensation densifies the gel and it explains why young (unaged)Shrinkage is a complex process which involves a lot of summa-
tively overlapping factors. Shrinkage of cement paste is a result of a
decrease in its volume during the hydration and drying of cement.
During cement hydration, water and cement phases are substrates
whose volume is bigger than that of the hydration products. This
decrease in volume is observed before and during cement setting
and is known as a chemical shrinkage or contraction [1]. The pri-
mary driving force for shrinkage is capillary tension in the pores,
occurrence of disjoining pressure and changes in the tension of
solid gel molecules [2]. Concrete shrinkage is also influenced by
the aging of cement paste. The polymerization reactions that con-
stitute aging increase the stiffness (modulus) of the paste. The
monomeric molecule of CASAH liberates a water molecule
whereby SiAOASi bonds are formed. This mechanism ofpastes exhibit irreversible shrinkage [3].
Irrespective of chemical and plastic shrinkage of early-age con-
crete, the total shrinkage may be, in the simplest way, divided into
autogenous shrinkage and drying shrinkage. Autogenous shrinkage
is uniform and isotropic and takes place in the entire volume.
When concrete stiffens due to hardening of the cement paste, auto-
genous shrinkage is initiated [2]. The unhydrated cement absorbs
water from capillary pores and nanopores for further hydration.
Then, the self-desiccation follows and autogenous shrinkage occurs
which in turn develops until hydration stops [4]. Unlike ordinary
concretes, low w/c high performance concretes (HPC) made with
bulk amount of cement show much more autogenous shrinkage
due to shortage of capillary water necessary for cement hydration.
Replacement of cement with limestone powder (LP) and fly ash
(FA) may decrease total shrinkage and its rate and, as a result,
reduce the probability of short-time concrete cracking [5]. It was
also observed that drying shrinkage lessened with the use of blast
furnace slag (BFS), FA and metakaolinite [6]. However, there is no
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type of shrinkage [7]. The results demonstrated that partial
replacement of 50% and 70% of white Portland cement with slag
reduced the total shrinkage by as much as about 25% and 40%,
respectively. The quantification separately of autogenous and dry-
ing shrinkage of natural pozzolan, limestone and BFS cement mor-
tar showed a very large – above 50% – decrease in autogenous
shrinkage of mortar by replacement of 50% of cement with BFS
[8]. Although BFS cement mortar showed higher drying shrinkage,
its total shrinkage was still the smallest. Other test results showed
that BFS cement concrete exhibited higher autogenous shrinkage
than ordinary portland cement (OPC) concrete and that the higher
the BFS content, the higher the autogenous shrinkage [9]. FA can
reduce the shrinkage, and silica fume can increase the shrinkage,
and the effect of BFS may be between the two mentioned [10].
Not all quoted test results on shrinkage of blended cement con-
cretes are consistent. However, while evaluating the effect of min-
eral additives on shrinkage, it is important to take into account the
specific surface of the additives and their relative content because
a very large specific surface of the additive compared to OPC may
increase shrinkage strain in the same way as the silica fume does.
Questions arise, though, what the effect of air entrainment on
shrinkage of blended cement concretes might be and whether
the mineral additives could decrease shrinkage of AE concrete. It
should be borne in mind that the more air-entraining agent
(AEA) is needed for air-entraining blended cement concretes the
larger mineral additive content (BFS, LP or FA) in concrete is. More-
over, it is more difficult to obtain proper features and arrangement
of air voids in blended cement concretes compared to OPC [11].
Capillary porosity and capillary pore diameter distribution
related to w/c ratio undeniably belong to main factors affecting
shrinkage. However, while considering and investigating shrinkage
of concrete containing air voids, one has to focus on the fact that
they are connected with capillary pores and interconnected
through capillary pores, too, which are the main path of moisture
transport in the hardened paste of AE concrete. The entrained air
voids can increase or decrease bulk transport properties depending
on the transport mechanism under consideration [12]. Influence of
air voids on transport properties suggests also possibility of their
influence on shrinkage.
The drying shrinkage develops from the surface into concrete,
just as moisture begins to leave the paste. The drying rate and
shrinkage rate are not uniform since at the onset of drying their
rate is relatively fast, but it gradually decreases with time given
that under nearly saturated conditions both bulk water and vapour
fluxes participate in moisture transport [13]. However, moisture
movement in concrete in the form of vapour flux is dominant when
pore-relative humidity is within the range of 15–95%. Then vapour
flux is governed by vapour diffusion in unsaturated pore space
[14]. That is why it is possible and favourable to describe moisture
transport in concrete using diffusivity. Jafarifar et al. [15] deter-
mined that there exists a relationship between moisture diffusivity
and moisture content of the unsaturated concretes and a relation-
ship between free shrinkage and moisture loss. This, in turn, indi-
cates that the shrinkage strains of unsaturated concrete are
consistent with moisture diffusivity.
Since concrete contains 25–35% of cement paste in its volume
and all air voids reside in cement paste, the volume of cement
paste is usually increased by about 5–15% when, for instance, the
entrained air content is equal to 3–6% of concrete volume. Thus,
the occurrence of entrained air as a new, not insignificant fraction
of cement paste volume may affect the shrinkage of concrete, all
the more so that according to a known rule for ordinary and high
performance concretes shrinkage is proportional to content of
cement paste in concrete mix [16].Due to air entrainment, the microstructure of hardened con-
crete is more heterogeneous because new fractions occur in it.
Rashed and Williamson [17] have identified two distinct features
to air voids: a shell to the air void surface and an interfacial tran-
sition zone between this shell and the bulk cement paste. The shell
appears to be made up of small (1–5 lm) mineral particles [18].
Whereas, Ley et al. [19] showed that air void surface is made of
CASAH phase, with calcium/silicon ratio equal only to 1.1. For a
bulk OPC paste, the ratio is 1.5. Due to the presence of water-rich
fresh paste containing lower cement content around the air voids
interfacial paste has higher initialw/c ratio compared to bulk paste
farther away from the interface. The width of the interface zone
adjacent to the shell is around 30 lm from its surface [12]. In
general, it appears that the air void–paste interface is similar to
aggregate–cement paste interfacial transition zone whose width
is 20–50 lm. However, no precipitation of calcium hydroxide
was observed at the air void–paste interface [18]. In extensive
research of the microstructure in AE concretes and mass transport
properties Wong et al. [12] stated that the porosity near the air
void boundary is about 2–3 times that of the bulk paste and that
air entrainment increases gaseous diffusivity and permeability by
up to a factor of 2–3 in case of the highest air contents. Interfacial
paste of porous microstructure occupies a large part of cement
paste volume. The air void interfaces can overlap and interconnect.
Therefore, the occurrence of air voids and related to them numer-
ous changes in microstructure of AE concrete cannot be neutral for
its properties.
Combining the conclusions based on AE concrete transport
property research with shrinkage and concrete transport proper-
ties, certain relationships between drying shrinkage of AE con-
cretes and vapour diffusivity can be observed. In AE concretes,
gaseous diffusivity increases as the entrained air content grows.
This, in turn, could suggest that air entrainment may result in
accelerating vapour flux as well as affect water loss and shrinkage
strains due to increased diffusivity. Moisture transport in AE
concretes is more complex, as they have a wide variety of
pore structures, permeable air voids and higher porosity of
interfacial transition zone around air voids. Therefore, a certain
effect of air entrainment on shrinkage strains of concretes is
probable.
Though most shrinkage types of concrete containing a large
variety of cements, aggregates and additives were thoroughly
tested, a few observation and test results about the range of shrink-
age of AE concrete have been published. According to scant data,
the air entrainment of OPC concrete should not have any influence
on its shrinkage. Fagerlund [20], when testing AE concrete proper-
ties, concluded that air entrainment does not affect shrinkage of
OPC concretes. Also Keene [21], quoted by Neville [16], showed
that concrete shrinkage is independent on air entrainment. There
are in fact none for blended cement concretes. Therefore, an
attempt was made to investigate the shrinkage of AE concretes
manufactured from blended cements.2. Experimental procedure
2.1. Aim and scope of the experiment
The aim of this study has been to investigate long-term shrinkage strains of air-
entrained and non-air-entrained concretes to find the influence of entrained air
voids. Concretes made with the use of several cements have been tested to deter-
mine whether mineral additives replacing part of OPC alter shrinkage strains of
AE concretes as in the case of ordinary concretes. The aim has been also to identify
the effect of increase in content of air voids on shrinkage strains of BFS cement and
OPC concretes. Scanning electron microscopy (SEM) has been used to determine
how the microstructure of air-entrained concrete can influence shrinkage strains.
The effect of air entrainment on different strains has been also considered in rela-
tion to the content of cement paste in concrete containing various air volume.
Table 2
Content of mineral additives in blended cements (%).
Cement type BFS LP
CEM II/B-S (32% BFS) 32 4
CEM III/A (50% BFS)a 50 4
CEM III/A (55% BFS) 55 4
CEM II/A-LL (14% LP) – 14
a 50% BFS cement used for basalt aggregate concretes to check an influence of air
content.
Table 3
Physical properties of cements.
Cement OPC CEM II/A-
LL 14% LP
CEM II/B-S
32% BFS
CEM III/A
50% BFS
CEM III/A
55% BFS
Le Chatelier, mm 0.4 0.4 0.4 0.4 0.4
Specific surfacea,
cm2/g
3570 4070 4050 4250 4410
Specific gravity,
kg/dm3
3,09 3.04 3.03 2.99 2.98
Initial setting
time, min
182 179 235 235 245
Heat of hydration
after 41 hb, J/g
337 327 304 294 291
Compressive strength, MPa
2 days 26.9 26.3 21.3 16.5 14.6
28 days 51.9 50.6 55.8 54.5 57.2
a Specific surface determined for cement containing additive.
b Heat of hydration measured with the use of semiadiabatic method.
Table 4
Sieve analysis of fine and coarse aggregate, %.
Sieve size, mm Sand Coarse aggregate
Gravel Carbonate Basalt
31.5 100 100 100 100
16 100 98 96 98
8 100 46 44 48
4 100 9 10 11
2 92 2 1 3
1 68 1 0 1
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The measurements of shrinkage strain were carried out with the Amsler’s
extensometer using 6 samples of each concrete in prisms 10  10  50 cm with
pins embedded in concrete centrally in the front part. The first measurement of
the samples was carried out 24 h after their casting. Five samples sized
15  15  15 cm of each concrete type cured for 28 days were used to test compres-
sive strength. The total duration of shrinkage tests was up to 300 days. However,
shrinkage strain measurements were carried out for 180 days in the additional
tests. Samples have been cured under conditions of relative humidity (rh) of
55 ± 5% and at the temperature of 20 C.
The earliest measurements of sample length were only possible after their
demoulding, i.e. after 24 h from their casting. Therefore, shrinkage occurring during
the first 24 h has not been recognised. The first shrinkage strains have been identi-
fied between 24 and 48 h from casting. Long term deformations shown in the fig-
ures are the total of drying shrinkage and part of autogenous shrinkage, which is
not dominant in ordinary concretes. Therefore, the deformations do not represent
the total shrinkage. Further on in this paper they are called shrinkage tested from
day 1 (24 h) when they were measured for the first time.
In addition, microstructure of air-entrained OPC concretes and 50% BFS cement
concretes were tested with a SEM with EDXA. While observing the microstructure,
air void shells and air void–cement paste interfacial transition zones have been
given special attention. The air-entrained concretes tested with SEM were cured
for 180 days. For SEM tests the sample without coarse aggregate has been fractured
from the concrete. A small flake from interior surface approx. 8–10 mm thick was
stored in vacuum until it was examined with a SEM with EDXA. The SEM used
was Environment SEM. The operating voltage was 20 kV, working distance
9.5–12 mm.
2.3. Materials
The samples for the tests have been cast from 22 concrete mixes, including 9
non-air-entrained (nAE) concrete mixes and 13 AE concrete mixes. In total, OPC
as well as 4 blended cements and 3 types of coarse aggregate have been used for
all the concretes.
To determine the combined influence of two factors i.e. air entrainment and
mineral additives, on concrete shrinkage, two series of experiments have been car-
ried out. The tests on shrinkage strain have been carried out for AE and nAE con-
cretes with the use of 2 coarse aggregates, gravel and crushed carbonate
aggregate, to ensure reliability of the results.
Shrinkage strain tests have been carried out for following concretes:
– 8 (4 pairs) AE concretes and nAE concretes from blended cements: limestone
Portland cement (CEM II/A-LL 42,5R – also marked as 14% LP), blast furnace slag
Portland cement (CEM II/B-S 42,5N – also marked as 32% BFS), blast furnace slag
cement (CEM III/A 42,5N – also marked as 55% BFS), and from OPC (CEM I 42,5R)
and river gravel,0.5 37 0 0 0
0.25 11 0 0 0
0.125 2 0 0 0
Table 5
Proportions of concrete mixes (kg/m3).
Component Concrete
Gravel Carb. agg. Basalt
Cement 350 350 350
Water 175 175 175
Coarse agg. 2–8 mm 560 580 630
Coarse agg. 8–16 mm 695 725 790
Quartz sand 620 620 620
w/c-ratio 0.50 0.50 0.50– 6 (3 pairs) AE concretes and nAE concretes manufactured from coarse crushed
carbonate aggregate and 2 slag blended cements (CEM II/B-S, CEM III/A) with vari-
ous content of slag (32% BFS, 55% BFS) and from OPC (CEM I 42,5R) for comparison.
Moreover, two-way analysis of variance with replication was conducted and its
results have been briefly presented in the form of plot (Fig. 11) taken from analysis
of variance in Discussion. When the variance analysis confirmed the significant dif-
ferences between strains results of AE and nAE concrete, additional tests of con-
cretes with various content of entrained air have been carried out to obtain a
more detailed estimation of air entrainment influence on concrete shrinkage. The
concretes tested have been manufactured from OPC or 50% BFS cement and basalt
aggregate.
All five cements have been manufactured in the same cement plant and made
from the same cement clinker. Phase composition of clinker is presented in Table 1.
The content of mineral additives in blended cements has been presented in the
Table 2, whereas physical properties of cements in Table 3.
In order to entrain air voids in concrete mixes, synthetic sodium alkyl
sulphonate (AEA) was used in the amount of 0.15–0.31% of the cement mass
(0.50–1.05 kg/m3). The coarse aggregates applied were river gravel and crushed
carbonate and basalt aggregates of nominal maximal grain size 16 mm. The fine
aggregate was river sand. The particle size gradation of the coarse and fine aggre-
gates has been shown in Table 4.
In order to investigate the influence of air entrainment on shrinkage of blended
cement concretes, it has been initially assumed that air content (Am) in concrete
mixes should be the same as the optimum amount for frost-proof concretes whichTable 1
Phase composition and alkali content in cement clinker (%).
Compound C3S C2S C3A C4AF Free CaO Na2Oe
Content 59.50 19.10 8.90 9.10 0.80 0.65is 5.5% ± 0.5%. Moreover, the influence of air content within the range of 2–8% on
OPC and 50% BFS cement concretes has been tested. The proportions of concrete
mixes have been presented in Table 5.
The following tests of concrete mixes were conducted: air content with the
pressure method, bulk density and slump. Air content and properties of concrete
mixes have been presented in Table 6. It must be noted that the air content in
blended cement mixes was equal 5.2–5.8%, as initially assumed. Compressive
strength of concretes cured for 28 days has been shown in Table 6.
BFS cement and OPC concretes, made to test air content influence on shrinkage,
contained between 3.4% and 8.1% air. Properties of concretes and their mixes have
been shown in Table 7.
Table 6
Properties of mixes and 28-day compressive strength of concretes.
Cement OPC 14% LP 32% BFS 55% BFS
Air
entrainment
nAE AE nAE AE nAE AE nAE AE
Aggregate Gravel
Air content (%) 2.2 5.6 2.4 5.8 2.0 5.2 2.2 5.4
Slump (mm) 30 56 30 40 10 50 40 55
Bulk density
(kg/m3)
2350 2260 2340 2250 2360 2250 2340 2230
Vol. of paste
(incl. air)
(dm3/m3)
304 328 311 331 305 327 308 331
Vol. of
aggregate
(dm3/m3)
696 672 689 669 695 673 692 669
Compr.
strength
(MPa)
46.1 38.9 43.3 38.1 51.8 43.2 52.0 45.8
Aggregate Crushed carbonate aggregate
Air content (%) 2.1 5.4 – – 2.0 5.7 2.1 5.2
Slump (mm) 32 53 – – 23 50 35 43
Bulk density
(kg/m3)
2390 2310 – – 2395 2320 2400 2310
Vol. of paste
(incl. air)
(dm3/m3)
303 326 – – 305 331 307 329
Vol. of
aggregate
(dm3/m3)
697 674 – – 695 669 693 671
Compr.
strength
(MPa)
41.9 35.1 – – 42.5 35.7 41.0 35.2
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3.1. The influence of air entrainment on shrinkage strains of blended
cements concretes
Fig. 1 shows tests results for shrinkage strains of 14% LP cement
concretes. The shrinkage of AE concrete throughout the whole
experiment period was higher than the shrinkage of nAE one.
The highest difference between strains of both concretes, amount-
ing to almost 100 * 106, appeared at the age between 7 and
60 days. At the end of the test, the difference was 70 * 106 (i.e.
more than 10%), which can be assumed as statistically significant.
Fig. 2 shows shrinkage strains of four 32% BFS cement concretes.
The concretes have been manufactured from two coarse aggre-
gates, gravel and carbonate aggregate both in case of AE and nAE
concretes. When comparing the shrinkage strains of AE and nAE
concretes in pairs i.e. strains of 2 gravel concretes and 2 concretes
from carbonate aggregate, it can be noticed that shrinkage of AE
concretes is larger than that of nAE ones in every case. The biggest
difference in the strains induced by air entrainment appeared in
both cases at the end of the experimental period. In the case of
gravel concrete the difference at the age of 300 days amounted
to about 120 * 106, that is 33%.Table 7
Properties of basalt aggregate concrete mixes with different air content.
Cement 50% BFS
Air entrainment nAE AE
Air content in concrete mix (%) 2.0 3.7 5.2
Slump (mm) 30 50 65
Bulk density (kg/m3) 2515 2470 2435
Vol. of total air (dm3/m3) 20 37 52
Vol. of paste (dm3/m3) 306.3 318.4 329.0
Air content in paste (incl. air) (%) 6.5 11.6 15.8
Compr. strength (MPa) 50.6 46.6 42.2Fig. 3 shows test results of shrinkage strains of both AE and nAE
concretes made of BFS cement, containing 55% slag. The concretes
have been manufactured from two coarse aggregates i.e. gravel or
carbonate aggregate. A significant effect of air entrainment on
shrinkage of 55% BFS cement concrete has been observed. Air
entrainment caused increase in shrinkage of both gravel and car-
bonate aggregate concretes. The strains of AE concretes throughout
the whole experiment period were larger than the strains of non-
air-entrained ones, and the difference between them increased
with time. At the age of 300 days, the difference in the strains
amounted to 34% for the concretes from carbonate aggregate and
32% for gravel concretes.
3.2. Air content influence on concrete shrinkage
Test results on BFS cement concretes made with basalt aggre-
gate (Fig. 4) have proved that shrinkage strains increase along with
an increase in the content of entrained air in the concrete mixes.
Although there was no direct proportionality between shrinkage
and entrained air content, shrinkage of 50% BFS cement concretes
tended to increase along with an increase in entrained air-voids
volume across the entire range of obtained values. Furthermore,
the differences between final strains of individual concretes with
various amounts of air voids are not low. When concretes were
cured for 180 days the difference between shrinkage strain of con-
crete containing total air up to 7.8% of its volume and that of non-
air-entrained concrete amounted to about 250 * 106 and exceeded
70%.
Moreover, the shrinkage strains of OPC concretes increased as
the content of entrained air grew. However, the strains of OPC con-
cretes (Fig. 5) with various content of air developed in time in a
slightly different way than in BFS cement concretes. Changes in
shrinkage strains of OPC concretes for initial few weeks of curing
have not been as uniform with time and with increasing content
of air as BFS cement concretes. The highest increase in strains for
increased air content was observed for OPC concrete with 8.1% of
air. A less evident relationship has been identified for smaller con-
tent of entrained air. With total amount of air 3.4% i.e. for the low-
est content of air voids – lower than 1.5%, the influence of air
entrainment on strains was insignificant relative to nAE concrete
for the first 28 days of curing. Increase in final strain of concrete
with content of total air up to 8.1% in comparison with the strain
of nAE amounted to about 220 * 106 and exceeded 40%.
3.3. Effect of cement type on shrinkage in AE concretes
Fig. 6 shows diagrams of shrinkage strains of nAE concretes
manufactured from gravel and carbonate aggregate with time.
From the 14th day of the experiment, a visibly increasing differ-
ence occurred between the shrinkage strains of OPC concretes from
and strains of BFS cement concretes. From the age of 30 days
throughout the whole period of the experiment, there have been
observed larger strains of OPC concretes in comparison to strains
of concretes from cements containing BFS. The difference at theOPC
nAE AE
7.8 2.1 3.4 5.4 8.1
85 40 60 75 90
2370 2520 2490 2435 2365
78 21 34 54 81
347.4 303.5 316.6 327.0 344.7
22.5 6.9 10.7 16.5 22.9
36.0 48.5 45.5 41.0 35.1
Fig. 1. Shrinkage strains of AE and nAE concretes from cement containing 14% LP.
Fig. 2. Shrinkage strains of AE and nAE concretes from carbonate aggregate or gravel and cement containing 32% BFS.
Fig. 3. Shrinkage strains of AE and nAE concretes from carbonate aggregate or gravel and from cement containing 55% BFS.
302 W. Piasta, H. Sikora / Construction and Building Materials 99 (2015) 298–307
Fig. 4. Influence of air content on shrinkage strains of 50% BFS cement concrete
with basalt aggregate.
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to 40% for gravel concretes and carbonate aggregate ones, respec-
tively. Analysing the strains of OPC and BFS cement concretes
(Fig. 6), it can be stated that the influence of slag on shrinkage in
gravel and carbonate aggregate concretes is significant.
Fig. 7 shows curves of shrinkage of AE gravel concretes from
OPC and two cements containing 32% and 55% BFS. The beneficial
influence of slag causing decrease in shrinkage was demonstrated.
The differences between strains of AE concretes were significant.
The lowest strains of concrete made with cement containing 55%
BFS were determined.
Fig. 8 shows shrinkage strains of AE concretes made from car-
bonate aggregate. Shrinkage strain of AE concretes was the highest
when plain OPC was used. The increase in BFS content in blended
cements decreased shrinkage strains of AE concretes. So the resultsFig. 5. Influence of air content on shrinkage strains of OPC cement concretes with
basalt aggregate.suggest that cement of high content BFS is appropriate for low
shrinkage concrete mixes which will be air-entrained.
Fig. 9 shows graphs of shrinkage strains of nAE and AE concretes
manufactured from cements containing 14% LP compared to
strains of OPC concretes. The shrinkage of limestone cement con-
crete was lower than that of OPC concrete regardless of the air
entrainment (Fig. 9). It has been confirmed that replacing 14% of
cement with LP decreases concrete strains, when air entrainment
was applied.3.4. Microstructure of AE concrete
Numerous SEM observation of microstructure of air-entrained
concretes were carried out in order to find any answer why air
entrainment increased shrinkage strains of concretes. In particular,
the microstructure of concretes was observed in the range of
cement paste surrounding air void shells. The SEM image
(Fig. 10a) shows an air void together with its shell as well as sur-
rounding paste in OPC concrete containing 8.1% of air. The image
(Fig. 10a) shows that the microstructure of air void shell is dense
and has no pores. Microstructure of the shell appears to be contin-
uous and not as usual uniform for a component of hardened
cement paste.
The shell in aged OPC paste is made of CASAH phase and the
ratio of calcium-to-silicon of the air void shell is usually equal to
1.1 [19]. That is why the shell seems to stand out against a back-
ground of porous cement paste (Fig. 10a).
It appears that between the paste and the shell there exists a
certain discontinuity. On the inner surface of the air void shell,
small ettringite crystals could be most likely observed. Around
the shells, there appeared paste with porous and non-uniform
microstructure creating the air void–paste interfacial transition
zone. However, portlandite crystals have not been identified in
any of the air void–paste interfaces observed in SEM images.
An example of pore arrangement in 50% BFS cement concrete
containing 7.8% of air has been shown in Fig. 10(b). All air voids
in the Fig. 10(b) are fine and smaller than 300 lm in diameter.
Some air voids are close to each other. Whereas Fig. 10(c) and (d)
present SEM images of a typical air void–paste interface and air
void shell. Microstructure of the shell is dense, continuous and uni-
form with no pores. It seems that very small crystals of ettringite
are growing on the inner surface of the shell. In general, OPC and
BFS cement concretes have similar shells. However, as compared
to OPC paste (Fig. 10a), there does not appear a visible discontinu-
ity or distinct difference between shell phase and other phases in
BFS cement paste (Fig. 10c and d). It should be remembered that
the shell is formed with low calcium phase CASAH [19]. The low
calcium phase CASAH usually appears in hardened cement pastes
containing substantial amount of slag. In air void interface there
have been observed numerous irregular pores indicating its high
porosity (Fig. 10c and d). The width of the interface is around
30 lm from the void boundary [12]. As seen in the overall arrange-
ment (Fig. 10b), air voids may occur close to each other at high
content of air voids in concrete. Due to the large width of the inter-
faces they may overlap and be interconnected, in particular when a
content of the air voids is high.4. Statistical analysis and discussion
4.1. Effect of air entrainment on shrinkage of concretes
Applying two-way analysis of variance with replication, a sig-
nificant influence of air entrainment and cement type on shrinkage
strains of gravel concretes at the age of 300 days has been demon-
strated. The analysis results are presented in Fig. 11. It is vital
Fig. 6. Influence of BFS cements on shrinkage strains of nAE concretes.
Fig. 7. Influence of BFS content in cement on shrinkage strains of AE gravel concretes.
Fig. 8. Influence of BFS content in cement on shrinkage strains of AE concretes from carbonate aggregate.
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Fig. 9. Influence of limestone cement on shrinkage strains of AE and nAE concretes.
Fig. 10. SEM images of air void shells and porous transition zones between the shell and bulk paste (a) air void and paste adjacent to the shell in OPC concrete of air content
8.1%; (b) arrangement of air voids in 50% BFS cement concrete of air content 7.8%; (c) overview of air void in 50% BFS cement concrete; (d) air void-cement paste interfacial
transition zone in 50% BFS cement concrete.
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Fig. 12. Relationship between shrinkage strains of concretes at the age of 300 days
and content of mineral additives in cement (summative content of additives in the
cement was marked on the axis of abscissae).
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have shown that differences between average results of shrinkage
strains of AE and nAE concretes were statistically significant for all
blended cements (the bars do not overlap).
The apparent influence of air entrainment on shrinkage beha-
viour of concretes may be related to an increase in volume of the
cement paste despite a decrease in content of every component
applied in 1 m3 of the mix. The air voids are placed in cement paste,
whereas the percentage of air entrainment is related to the whole
concrete mixture volume. For instance, BFS cement concretes con-
taining 3.7%, 5.2% and 7.8% air (Table 7) as compared to nAE con-
crete containing on average 2% experienced an increase in
volume of cement paste by respectively 17 dm3/m3, 32 dm3/m3
and 58 dm3/m3 as a result of air entrainment. Therefore, air com-
prised 11.6%, 15.8% and 22.5% of paste volume in AE BFS cement
concrete mixes and 6.5% of paste volume in nAE concrete mix
(Table 7). That is why the factor may not be irrelevant for the con-
crete strain as it is for its strength, which decreases with an
increase in air content. According to proportionality of shrinkage
to cement paste volume in nAE ordinary and high performance
concrete mixes [16], the growth of paste volume should increase
the overall shrinkage. Research on AE concretes cured for 180 days
have shown increase in shrinkage strains with increase in air voids
content. As compared to nAE concrete the increase in shrinkage
strains of AE concrete as a result of air entrainment (Fig. 4) was
equal about 20%, 40% and 70% when the overall air content was
3.7%, 5.2% and 7.8% in AE concretes. This in turn means that shrink-
age strain was consistent with air content. Therefore, it can be
assumed that an increase in paste volume and decrease in aggre-
gate due to air entrainment may have been the reason for larger
shrinkage strains of air-entrained concretes.
Nevertheless, the difference between nAE concrete and AE con-
cretes strains at the highest air contents is relatively high. Such a
large difference suggests there could appear other reasons for
higher strains of AE concretes. They may be related to higher
porosity of interfacial transition zones around air voids, as shown
in Fig. 10(c) and (d), in particular that the air void–paste interfaces
occupy a considerable fraction of the cement paste volume. As seen
in Fig. 10(b), their overlapping and interconnection are possible
because the width of interface is relatively large at around
30 lm. High content of entrained air voids increases gaseous diffu-
sivity even 2–3 times [12]. However, high vapour diffusivityFig. 11. The effect of cement type and air entrainment according to two-way
analysis of variance with replication on gravel concretes shrinkage at the age of
300 days. Vertical bars denote 0.95 confidence intervals.favours quick moisture loss while drying of unsaturated concrete
[15]. This in turn results in high rate of drying shrinkage. Therefore,
the identified higher shrinkage strains of air-entrained concretes
and their growth with increasing air content may be most likely
related to more porous microstructure and bigger diffusivity of
air void–cement paste interfacial transition zone, as it has been
proved consistent with proportionality rule of shrinkage to paste
content in nAE concrete mix.
Despite the increase in cement paste volume in concrete mixes,
air voids entrained with AEA decreased the content of cement and
all other components approximately by air entrainment percent-
age. Thus, the aggregate/cement ratio of AE and nAE concretes
was the same. Therefore, it may be assumed that this decrease in
the content of cement did not affect shrinkage strains.
4.2. Effect of mineral additives content on shrinkage of AE concretes
In order to determine the relationship between test results of
shrinkage of AE concretes and content of mineral additives replac-
ing part of cement, in Fig. 12 there have been marked with the
points shrinkage strains of the 14 concretes tested cured for
300 days.
The cements used for the concretes contained LP and BFS in the
amount as presented in Table 2. Determined after 300 days strains
(Fig. 12) decrease with mineral additives content regardless of type
of additive or type of aggregate. The curve, which depicts average
shrinkage strains of AE concretes depending on summative content
of mineral additives in cements decreases by about 165  106.
However, the curve, which depicts strain results of nAE concretes
decreases by about 190  106. The difference is insignificant.
Thus, the positive effect of the additives on reduction of shrinkage
also appears when concrete is air-entrained.
Decrease in shrinkage of AE concretes together with the
increase in content of LP or BFS can be explained with the decrease
in amount of cement clinker whose relatively rapid hydration and
drying is one of main sources of shrinkage. Besides, decrease in
blended cement hydration kinetics, related to smaller reactivity
of mineral additives results in decrease in the shrinkage strain.
Due to very slow hydration of the slag its grains act as a microfiller
which retards and decreases shrinkage of hardening cement paste
as limestone powder does.
5. Conclusions
Based on results of shrinkage testing, SEM observations and the
analyses carried out it could be noticed the following conclusions:
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appeared a significant effect of air entrainment and type of
cement on shrinkage strains of concretes. Shrinkage strains of
air-entrained concretes made with blended cements and OPC
were bigger than strains of non-air-entrained concretes made
with the same cements.
2. The results obtained showed a significant increase in shrinkage
strains of concretes with increasing content of air voids, regard-
less of cement type.
3. The increase in shrinkage strains of air-entrained blended
cements concretes with increasing air content may be most
probably related to porous microstructure of air void–cement
paste interfacial transition zone and overlapping and intercon-
nection of the porous interfaces. The complex porous
microstructure of cement paste adjacent to air void and in par-
ticular, the interconnection may increase vapour diffusion in AE
concretes accelerating the moisture loss and drying shrinkage.
Another reason for shrinkage increase may be increase in the
volume of cement paste and decrease in the volume of aggre-
gate in AE concrete.
4. Shrinkage of AE concretes just like nAE concretes was lowered
with content of mineral additives used in blended cements.
The decrease in shrinkage with the increase in the content of
additives replacing cement can be explained with the decreas-
ing amount of cement clinker which is the main source of
shrinkage. Moreover, grains of slag and limestone powder act
as microfillers which may retard and decrease shrinkage of
hardening cement paste.Acknowledgements
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